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Abstract: A holographic polymer dispersed liquid crystal (HPDLC) is used to record holographic
diffraction gratings. Several mixtures of nematic liquid crystals (LC) are used as components of the
HPDLC to evaluate their influence in static and dynamic basic properties. The diffraction efficiency
obtained in the reconstruction of the holograms is evaluated to compare the influence of the different
LC. Additionally, the samples are exposed to a variable electric field and the diffracted light intensity
as a function of the applied voltage is measured to evaluate the influence of the LC. The results
obtained show significant differences depending on the LC incorporated to the photopolymer.
Keywords: holography; photopolymer; holographic recording materials; holographic polymer
dispersed liquid crystal
1. Introduction
Photopolymers are a type of holographic recording material that are used in many optical
applications due to their flexibility, low cost, and easy preparation [1–6]. In these materials, different
physical properties must usually be optimized, for example, energetic sensitivity to decrease the energy
required during the recording process, spectral sensitivity to select a specific wavelength, or the spatial
frequency to obtain high fidelity in the reconstruction of the hologram [7,8].
Photopolymers have a photoinitiator that absorbs light from the recording laser and generates
radicals that start the free-radical polymerization reaction of monomers. For a holographic recording,
the mechanism of hologram growing includes modulation of the refractive index between polymerized
and non-polymerized areas, corresponding to the “exposed” and “unexposed” areas, respectively,
in the diffraction grating generated by the interference of the recording laser beams [7,9].
The combination of liquid crystals with photopolymers adds a new characteristic, the capacity
to change the electro-optical properties with an electric field. The liquid crystal molecules add
optical anisotropy to the composite material and its response can be modified by the electric field
applied [10–15]. Holographic polymer dispersed liquid crystals are known as HPDLC. When these
composites are exposed to a holographic recording they undergo a photopolymerization-induced
phase separation process or PIPS in which the liquid crystal molecules diffuse to unexposed areas of
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the diffraction grating where they can be oriented with an electric field [16–20]. Depending on the
application, different physical parameters must be evaluated [21].
In this work, several mixtures of nematic liquid crystals (LC) are used as components of a HPDLC
to evaluate their influence in static and dynamic basic properties. The LC used are commercial products
not developed specifically for their application in HPDLC and some of them have been discontinued
by the manufacturers. The main physical properties of each LC mixture are specified in Table 1.
We have prepared an electro-optical device with each solution of HPDLC containing a different
LC. After, a diffraction grating is recorded by means of laser exposure and different parameters are
evaluated in order to identify differences between the LC.
The diffraction efficiency obtained in the reconstruction of the holograms is evaluated to compare
the influence of the different LC. Additionally, the samples are exposed to an electric field and the
diffracted light intensity as a function of the applied voltage is measured to evaluate the differences
due to the different LC. Finally, the devices are exposed to incoherent white light in order to stabilize
the grating and to complete the polymerization process and the previously named parameters are
measured again. The results obtained show significant differences depending on the LC incorporated
into the photopolymer. These differences are important taking account potential practical applications
for these photopolymers and HPDLC devices.
2. Experimental Section
2.1. Preparation of the Composite Solutions and Devices
We use a type of HPDLC for which formulation is very flexible and it has been used in many
works. Monomers, initiators, and additives can be changed to obtain photopolymers with different
responses to wavelength, light intensity, polymerization, etc. The bibliography is very extensive, some
representative works can be consulted in the references [13,22–25]. We have slightly modified the basic
components of this composite in previous works [26,27].
Several formulations of HPDLC have been prepared with a different LC mixture to study
the electro-optical properties of the devices. The LC used are BL087, K15, MLC6882, TL213, and
BL038 from Merck, QYPDLC-036 (LC036) from Qingdao QY Liquid Crystal Co., Ltd. (Qingdao,
China). They are mixtures of 4-cyanobiphenyls with alkyl chains of different lengths and different
substituents. They are designed for electro-optic displays but not specifically for HPDLC. PBC is
4′-Pentyl-4-biphenylcarbonitrile (5CB) with a purity of 98% from Sigma-Aldrich (St. Louis, MO, USA).
Table 1 shows the main physical properties of the LC mixtures.
Table 1. Properties of liquid crystals (LC) mixtures.
∆n n0 ∆ε
BL087 0.2362 1.5246 20.6
K15 0.1754 1.5309 11.5
MLC6882 0.0978 – -3.0
TL213 0.2388 1.5271 5.7
BL038 0.2720 1.5270 16.9
LC036 0.250 1.520 13.0
PBC – 1.532 –
Where
• ∆n is the birefringence, which is defined as the difference between the extraordinary refractive
index (light polarized parallel to the director vector) and the ordinary refractive index (light
polarized perpendicular to the director vector). It has an influence on the diffraction efficiency
obtained by the HPDLC because molecules of LC are diffused to unexposed areas during PIPS.
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Without an electric field, these areas have an average value of refractive index between the
extraordinary index and the ordinary index.
• n0 is the ordinary refractive index. This parameter is of interest when compared to the refractive
index of the polymer when an electric field is applied to the HPDLC device.
• ∆ε is the dielectric anisotropy defined as the difference of the dielectric constants parallel and
perpendicular to the director vector of the nematic phase. It has an influence on the holographic
properties of HPDLC device under the action of an electric field.
The values have been obtained from the documentation published by the manufacturers and
bibliography [28–32].
For PBC, the manufacturer does not offer the concrete values of ∆n and ∆ε. These values must be
similar to those of K15 since the chemical composition is the same although the degree of purity could
be different.
The monomer used was dipentaerythritol penta/hexa acrylate (DPHPA) with a refractive index
n = 1.490. N-methyl-2-pyrrolidone (NMP) was used as a solvent, octanoic acid (OA) as cosolvent and
surfactant, ethyl eosin (YEt) as a dye, and N-phenyl glycine (NPG) as an initiator. All components were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Table 2 shows the composition of the composite.
Table 2. Composition of the composite material in wt %.
Component Concentration (wt %)
DPHPA 43.00
LC 29.50
YEt 0.04
NPG 0.36
OA 8.50
NMP 18.60
LC is each one of the LC mixtures. The solution was made by mixing the substances under red
light where the material is not sensitive. An ultrasonic bath with a temperature of 35 ◦C was used
to homogenize the solution. The solution was deposited between two indium tin oxide conductive
glasses with 1 mm thick and separated with 13 µm glass hollow microspheres from Sigma-Aldrich
(St. Louis, MO, USA).
2.2. Holographic Set Up
We use the holographic set up shown in Figure 1. The devices prepared were exposed to a
diode-pumped solid-state laser from MKS Instruments, Inc. (Spectra-Physics Excelsior One 532 multi
mode, MA, USA) with a wavelength of 532 nm in order to record an unslanted diffraction grating
in the HPDLC device. The laser beam with TE polarization was separated into two beams with a
light intensity ratio of 1:1. We used lenses and spatial filters to obtain two beams with a diameter of
1 cm. The object and reference beams were recombined on the sample at an angle θ = 16.0◦ to the
normal using mirrors. The spatial frequency was 1036 lines/mm. The working light intensity was
2.2 mW/cm2. The diffracted and transmitted intensity were monitored in real time with a 632.8 nm
He-Ne laser positioned at Bragg’s angle θ‘ = 19.1◦ where the material is not sensitive [33]. During the
recording, the temperature was 22 ◦C and the recording time was adjusted to 40 s after an optimization
process to obtain the maximum diffraction efficiency without overmodulation.
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In this type of composite, a photopolymerization reaction takes place in the exposed areas of the
diffraction grating and a highly reticulated polymer network is generated. During the PIPS, the liquid
crystal diffuses to the unexposed areas where it remains as droplets [19,34].
3. Results and Discussion
3.1. Variation of the Electric Current Intensity with the Voltage
After recording the diffraction grating, each HPDLC device is exposed to the electric field.
The voltage increase is manually done. The samples remain in each voltage for the time necessary
until the value of the electric current intensity (I) stabilizes (typically 1 s).
Figure 3 shows the variation of the electric current intensity that passes through the device versus
RMS voltage.
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Figure 3. Electric current intensity versus root mean square (RMS) voltage for holographic polymer
dispersed liquid crystal (HPDLC) devices with different LC.
It can be seen that the electric current intensity progressively increases with the applied voltage
up to a threshold voltage value. From this value (dashed line), I increases drastically. Three substances
contained in the polymer (Table 2) can produce ions in an aqueous medium: YEt, NPG, and OA.
These molecules are not dissociated in a non-aqueous medium as in this polymer because the possible
ions generated (K+ for YEt and H+ for OA and NPG) are not stable in this medium. This polymer does
not have any component that can act as a supporting electrolyte and, therefore, with a low voltage, the
conductivity is low and the polymer is a dielectric.
When a sufficiently high voltage is applied, the conductivity increases because these substances
start to dissociate and they could have significant importance in increasing the electric current.
Moreover, impurities contained in these substances and also in LC, NMP, and monomer could play a
role in supporting the electric current. For example, PBC and k15 with the same nematic component
5CB produce a different result. Although in this case, it is not possible to rule out potential differences
during the preparation of the samples because the angular response for PBC could not be obtained
(Figure 7).
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There are deviations in the points of the dashed lines. Points whose measured voltage is lower
than the voltage of preceding points although during the experiment the amplitude of the voltage
signal is progressively increased from the signal generator.
This could be related to changes in the permittivity of the LC due to the electric current.
A sufficiently high electric current intensity could influence the orientation of the LC molecules
modifying their permittivity, which influences the electric current.
Table 3 shows the threshold voltage for each type of LC.
Table 3. Threshold voltage (V) obtained for each HPDLC device with different LC.
BL087 BL038 MLC6882 LC036 K15 TL213 PBC
46 54 66 82 88 90 50
Figure 4 shows the ∆ε versus the threshold voltage. It is observed that for LC with ∆ε > 0 (Table 1),
this value decreases when the threshold voltage is increased. MLC6882 has a different behavior due to
∆ε < 0.
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Since ∆ε is related to the response of the LC molecules under the action of an electric field,
the magnitude of ∆ε affects the electrical behavior of the device. The device is more sensitive to the
electric field if the LC used has a high ∆ε value.
3.2. Variation of the Diffracted Light Intensity with the Voltage
After recording the diffraction grating, each HPDLC device is exposed to the electric field and
simultaneously the hologram is reconstructed by means of the He-Ne laser. In this experiment, the
voltage is progressively increased whereas the diffracted light intensity of the order +1 is measured
with a radiometer. The voltage increase is manually done. The samples remain in each voltage for the
time necessary until the value of the diffracted light intensity (Id) stabilizes (typically 1 s).
Figure 5 shows Id divided by the maximum diffracted light intensity (Idmax) versus RMS
voltage for each HPDLC device containing a different LC. For each graph, the line is dashed after the
threshold voltage.
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It is observed that all the samples respond to a threshold voltage lower than 100 V, which is a
relatively small value for a HPDLC device [35]. This is because the unexposed areas of the diffraction
grating remain without polymerizing after holographic recording and the droplets of liquid crystal
are in a liquid phase with little restriction of movement, depending only on the viscosity of the
photopolymer. This suggests that the droplets can move or rotate, making it difficult for the director
vector of the LC molecules to reach a defined average position depending on the applied voltage. As a
consequence, only with values close to the threshold voltage will the Id/Idmax ratio decrease. There
are two exceptions, TL213 and BL087 in which the Id/Idmax ratio decreases significantly (0.55 and
0.25 respectively) before the threshold voltage is reached. This result is very interesting due to the
adverse condition in which the devices are working with the unexposed areas without polymerizing,
achieving a great decrease in the Id/Idmax ratio for a very small voltage: 47 V for BL087 and 88 V
for TL213.
After the threshold voltage (dashed lines), there are deviations produced by the relatively high
electric current intensity. As can be seen in Figure 3, a sufficiently high electric current intensity could
influence the orientation of the LC molecules modifying their permittivity which influences the electric
current, voltage, and diffracted light intensity.
Subsequently, the samples were exposed to incoherent white light by means of a halogen bulb
(1100 lx, 15 min) and the intensity of the diffracted light versus the voltage was measured again.
Figure 6 shows the intensity of diffracted light of the order +1 divided by the maximum diffracted
light intensity (Id/Idmax) versus the RMS voltage for each sample after the bleaching process.
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As can be seen in Figure 6, all the graphs now have the typical behavior of a HPDLC device that
is quite different fro those in Figure 5. The differences bet een Figures 5 and 6 can be explained
because the sa ples are subjected to the bleaching process. The unexposed areas of the diffraction
grating are no poly erized and the poly eric net ork envelopes the droplets of the liquid crystal
hindering their ove ents. Depending on the LC mixture, significant differences are observed due to
the combination of parameters from each LC: ∆ε, ∆n, n0.
K15 and PBC are liquid crystals ith only one ne atic olecule unlike the rest of the LC studied.
The result sho s a decrease of less than 4% for Id/Idmax with a voltage around 100 V in both LC. It is
a much lower decrease than those obtained for the rest of the LC with ∆ε > 0.
high value of ∆ε is needed to obtain a quick orientation of the LC with the electric field. But
is not the only necessary condition in HPDLC. The electric field-induced torque is not the only force
on the molecules in nematics. The elastic forces, boundary condition, and surface forces bet een
substrates ust also be considered related to the orientation of the director vector [36]. The situation is
more complex in HPDLC where the LC is dispersed in a polymeric matrix, with a spatial modulation of
LC concentration. The shape and size of the LC droplets, their composition and the interaction forces
of the droplets with the polymer matrix influence in the orientation of the molecules. Additionally,
environmental factors such as temperature play a decisive role in the orientation of LC molecules.
Mixtures of liquid crystals are designed by combining nematic molecules with different chain lengths.
This makes them have a wide range of working temperatures in which they maintain anisotropic
characteristics [37]. K15 and PBC with a single nematic molecule 5CB are very sensitive to the room
temperature. The temperature from nematic to crystalline varies according to the source consulted
and may be affected by the degree of purity. In general, below 22 ◦C they undergo a crystalline phase
in which the molecules cannot be oriented by the electric field [38–40]. A small decrease in ambient
temperature ay hinder the orientation of the LC molecules with the electric field, taking into account
that they are dispersed in droplets inside the polymeric network.
MLC6882 increases the Id/Idmax slightly with the voltage. This is related to the negative value
of ∆ε. A positive dielectric anisotropy will tend to align the molecules parallel to the electric field
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whereas a negative dielectric anisotropy will tend to align the molecules perpendicular to the electric
field and therefore the orientation of the droplets with the electric field decreases the refractive index
of the exposed areas of the diffraction grating instead of increasing it. The magnitude of the dielectric
anisotropy is related to the strength of the electric-induced torque force in the LC molecule. In addition,
the value of ∆n is very small and therefore the increase in Id/Idmax with the voltage is small.
BL087 achieves an Id/Idmax < 0.1 with a voltage lower than 100 V. This is the best behavior
obtained in this study and it is related to the balance between the parameters of this LC: high ∆ε,
relatively high ∆n, and relatively low n0 close to the refractive index of the polymer.
The other LC have the expected behavior according to their characteristics but they need a voltage
higher than BL087. There are also differences in the slope of the curves, especially with small voltages.
This is the speed at which the intensity of diffracted light decreases as a function of the applied voltage
and it is influenced by the combination of ∆ε and ∆n. It is necessary to take into account that other
factors also influence the response of the devices: temperature variations, differences between devices
in the internal structure of droplets created by the PIPS effect, and the difficult preparation of this type
of samples subjected to experimental variability to be made by hand.
3.3. Reconstruction of the Holograms
Additionally, we have studied the influence of the LC in the recording of the diffraction grating.
The volume holograms were reconstructed with the He-Ne laser and the angular response of the order
+1 was obtained using a rotating stage. Afterward, the samples were exposed to incoherent white
light by means of a halogen bulb (1100 lx, 15 min) in order to stabilize the hologram and they were
reconstructed again.
Figure 7 shows the reconstruction of the holograms after recording and before the bleaching
process (graphs BB) and after the bleaching process (graphs AB).Polymers 2018, 10, x FOR PEER REVIEW  10 of 14 
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The diffraction efficiency (DE) is the diffracted light intensity divided by the incident light intensity
during the reconstruction of the hologram. DE is obtained for an angular interval of 20◦ in which the
zero value corresponds to the Bragg’s angle.
The graphs for liquid crystals BL087, MLC6882, and PBC have not been obtained. For the other LC,
it is observed that the graphs after the bleaching process have a higher maximum diffraction efficiency.
This is because the high-intensity white light fully consumes residual monomer in the exposed areas,
favoring the molecular diffusion of LC to the unexposed areas. Additionally, the unexposed areas are
now polymerized and therefore their refractive index increases.
To understand the results from Figure 7, avoiding differences in the width of the curves, the full
width at half maximum (FWHM) of each graph has been calculated. Figure 8 shows the maximum
diffraction efficiency (DEmax) divided by the FWHM versus the birefringence of the corresponding
LC (Table 1) of each graph in Figure 7.
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After bleaching, the diffraction grating is stabilized and the results show that the differences
are small. DEmax/FWHM is around 19 for all the samples, even for K15 with ∆n = 0.1754 lower
than the rest [0.2388–0.2720]. TL213 with ∆n = 0.2388 obtains a result almost identical to BL038 with
∆n = 0.2720.
The sample with LC036 obtains a DEmax/FWHM lower than expected and this points to an
experimental problem. The value obtained before bleaching is very small DEmax/FWHM = 5.3
(%/degrees). When the sample is bleached, the value increases significantly up to 13.5, but it is still
lower than expected. Since before bleaching DEmax/FWHM was already very small, it is an indication
that there was an experimental problem during the sample preparation. The temperature of the
solution was probably not optimal during the preparation of the sample or during the recording of the
diffraction grating.
For a given holographic application of static type, a greater value of the DEmax can be important.
For other applications, a lower value of DEmax but a smaller width of the angular response graph
may be more suitable, since that implies a greater optical thickness of the diffraction grating according
to the Kogelnik equation for volume holograms and therefore the same DEmax/FWHM [33].
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4. Conclusions
The influence of different LC in a HPDLC composite has been studied by means of the recording
of a diffraction grating and the subsequent analysis of the electro-optical characteristics of the
HPDLC device.
After hologram recording, differences in the threshold voltage of the devices depending on the
LC have been observed (Figure 3). These differences cover a range of 50 V and it has been related to
the different dielectric anisotropy of the LC (Figure 4).
The holographic response of the devices has been studied. Specifically the variation of the
intensity of diffracted light as a function of the applied voltage, before and after a white light bleaching
process. Before this bleaching process (Figure 5), the intensity of diffracted light varies progressively
with the applied voltage for liquid crystals BL087 and TL213, unlike the rest. This result is interesting
because the variation is significant for a relatively small voltage value. Nevertheless, if the device is
maintained without performing the bleaching process the system would be unstable over time because
the LC droplets will tend to collapse.
After the bleaching process (Figure 6), we ascertain experimentally that each device has a different
behavior related to the minimum value of Id/Idmax and the shape of the graph in Figure 6 and, more
importantly, related to the voltage at which that minimum value is reached. There are significant
differences in the values of voltage at the minimum diffracted light. Between the liquid crystal BL087
and TL213, there is a difference of 100 V. This is interesting from the point of view of dynamical
practical applications. There are also differences in the speed at which the diffracted light intensity
decreases as a function of the applied voltage, especially at small voltages. Therefore, it is confirmed
that devices with different LC act in a significantly different way under the action of an electric field.
The dielectric anisotropy, birefringence, and the ordinary refractive index are different for each LC and
they are the main physical properties implied in the results obtained.
Related to the reconstruction of the holograms without applying an electric field, we found
experimentally that each device with different LC obtains a different DEmax (Figure 7). Therefore,
there is a direct relationship between the DEmax obtained and the LC used. The DEmax is related to
the refractive index modulation according to Kogelnik equation [33]. Each LC has a different ∆n value
(Table 1) and a LC with high ∆n obtains a high refractive index modulation during the holographic
recording and therefore a high DEmax according to Kogelnik equation.
DEmax also depends on the optical thickness of the diffraction grating according to Kogelnik
equation. We have shown that the combination of DEmax (refractive index modulation) and width of
the angular response curve (optical thickness of the diffraction grating) produces a similar result after
bleaching for LC with ∆ε > 0 (Figure 8).
There are many parameters to consider in a HPDLC device and not all have been considered
in this work, for example, the response times (ton, toff) of the devices under exposure to the electric
field [41,42]; there are even more to consider if we take into account the different potential applications
using a HPDLC as a holographic recording material. However, the results obtained allow a selection
of the LC to be used in a HPDLC depending on the character dynamic or static of the application.
Author Contributions: Conceptualization, F.B.; formal analysis, F.B.; funding acquisition, A.B.; investigation, S.F.
and M.O.; methodology, M.O.; project administration, I.P.; resources, A.B. and I.P.; supervision, A.B.; Validation,
I.P.; writing—original draft, S.F., F.B., J.D.S. and M.O.; writing—review and editing, M.O.
Funding: This work was supported by ‘Ministerio de Ciencia, Innovación y Universidades’ (before ‘Ministerio
de Economía, Industria y Competitividad’), Spain, under projects FIS2017-82919-R (MINECO/AEI/FEDER,
UE) and FIS2015-66570-P (MINECO/FEDER), and by Generalitat Valenciana, Spain, under project PROMETEO
II/2015/015.
Conflicts of Interest: The authors declare no conflict of interest.
Polymers 2019, 11, 325 12 of 13
References
1. Tomita, Y.; Hata, E.; Momose, K.; Takayama, S.; Liu, X.; Chikama, K.; Klepp, J.; Pruner, C.; Fally, M.
Photopolymerizable nanocomposite photonic materials and their holographic applications in light and
neutron optics. J. Mod. Opt. 2016, 63, S1–S31. [CrossRef] [PubMed]
2. Akbari, H.; Naydenova, I.; Martin, S. Using acrylamide-based photopolymers for fabrication of holographic
optical elements in solar energy applications. Appl. Opt. 2014, 53, 1343–1353. [CrossRef] [PubMed]
3. Márquez, A.; Martínez, F.J.; Fernández, R.; Gallego, S.; Fenoll, S.; Ortuño, M.; Neipp, C.; Pascual, I.;
Beléndez, A. Effective Modeling of PA-LCoS Devices and Application in Data storage in Photopolymers.
In Proceedings of the 15th Workshop on Information Optics (WIO), Barcelona, Spain, 11–15 July 2016;
Javidi, B., Vallmitjana, S., Carnicer, A., Eds.; 2016; pp. 11–15, ISBN 978-1-5090-2163-5.
4. Navarro-Fuster, V.; Ortuño, M.; Gallego, S.; Fernández, R.; Martínez-Guardiola, F.J.; Márquez, A.; Pascual, I.
Multiplexed Holograms Recorded in a Low Toxicity Biophotopol Photopolymer. In Holography: Advances
and Modern Trends V; SPIE: Bellingham, WA, USA, 2017; Volume 10233, p. 102331O.
5. Aswathy, G.; Rajesh, C.S.; Kartha, C.S. Multiplexing recording in nickel-ion-doped photopolymer material
for holographic data storage applications. Appl. Opt. 2017, 56, 1566–1573. [CrossRef] [PubMed]
6. Fernández, R.; Gallego, S.; Márquez, A.; Navarro-Fuster, V.; Beléndez, A. Blazed gratings recorded in
absorbent photopolymers. Materials 2016, 9, 195. [CrossRef] [PubMed]
7. Guo, J.; Gleeson, M.R.; Sheridan, J.T. A Review of the Optimisation of Photopolymer Materials for
Holographic Data Storage. Phys. Res. Int. 2012, 2012, 1–16. [CrossRef]
8. Ortuño, M.; Gallego, S.; Márquez, A.; Neipp, C.; Pascual, I.; Beléndez, A. Biophotopol: A Sustainable
Photopolymer for Holographic Data Storage Applications. Materials 2012, 5, 772–783. [CrossRef]
9. Kveton, M.; Fiala, P.; Havránek, A. Polymer holography in acrylamide-based recording material.
In Holography, Research and Technologies; Rosen, J., Ed.; InTech: Rijeka, Croatia, 2011; pp. 57–82.
10. Liu, Y.J.; Sun, X.W. Holographic polymer-dispersed liquid crystals: Materials, formation, and applications.
Adv. Optoelectron. 2008, 2008. [CrossRef]
11. Massenot, S.; Kaiser, J.; Chevallier, R.; Renotte, Y. Study of the dynamic formation of transmission gratings
recorded in photopolymers and holographic polymer-dispersed liquid crystals. Appl. Opt. 2004, 43,
5489–5497. [CrossRef] [PubMed]
12. Meng, S.; Duran, H.; Hu, J.; Kyu, T.; Natarajan, L.V.; Tondiglia, V.P.; Sutherland, R.L.; Bunning, T.J. Influence
of photopolymerization reaction kinetics on diffraction efficiency of H-PDLC undergoing photopatterning
reaction in mixtures of acrylic monomer/nematic liquid crystals. Macromolecules 2007, 40, 3190–3197.
[CrossRef]
13. Sarkar, M.D.; Gill, N.L.; Whitehead, J.B.; Crawford, G.P. Effect of monomer functionality on the morphology
and performance of the holographic transmission gratings recorded on polymer dispersed liquid crystals.
Macromolecules 2003, 36, 630–638. [CrossRef]
14. Mucha, M. Polymer as an important component of blends and composites with liquid crystals.
Prog. Polym. Sci. 2003, 28, 837–873. [CrossRef]
15. Natarajan, L.V.; Brown, D.P.; Wofford, J.M.; Tondiglia, V.P.; Sutherland, R.L.; Lloyd, P.F.; Bunning, T.J.
Holographic polymer dispersed liquid crystal reflection gratings formed by visible light initiated thiol-ene
photopolymerization. Polymer 2006, 47, 4411–4420. [CrossRef]
16. Natarajan, L.V.; Shepherd, C.K.; Brandelik, D.M.; Sutherland, R.L.; Chandra, S.; Tondiglia, V.P.; Tomlin, D.;
Bunning, T.J. Switchable Holographic Polymer-Dispersed Liquid Crystal Reflection Gratings Based on
Thiol−Ene Photopolymerization. Chem. Mater. 2003, 15, 2477–2484. [CrossRef]
17. Bunning, T.J.; Natarajan, L.V.; Tondiglia, V.P.; Sutherland, R.L. Holographic Polymer-Dispersed Liquid
Crystals (H-PDLCs). Annu. Rev. Mater. Sci. 2000, 30, 83–115. [CrossRef]
18. White, T.J.; Natarajan, L.V.; Tondiglia, V.P.; Lloyd, P.F.; Bunning, T.J.; Guymon, C.A. Holographic polymer
dispersed liquid crystals (HPDLCs) containing triallyl isocyanurate monomer. Polymer 2007, 48, 5979–5987.
[CrossRef]
19. Kyu, T.; Nwabunma, D.; Chiu, H.W. Theoretical simulation of holographic polymer-dispersed liquid-crystal
films via pattern photopolymerization-induced phase separation. Phys. Rev. E 2001, 63, 061802. [CrossRef]
[PubMed]
Polymers 2019, 11, 325 13 of 13
20. Sutherland, R.L. Polarization and switching properties of holographic polymer-dispersed liquid-crystal
gratings. I. Theoretical model. J. Opt. Soc. Am. B 2002, 19, 2995–3003. [CrossRef]
21. Sutherland, R.L.; Natarajan, L.V.; Tondiglia, V.P.; Chandra, S.; Shepherd, C.K.; Brandelik, D.M.; Siwecki, S.A.;
Bunning, T.J. Polarization and switching properties of holographic polymer-dispersed liquid-crystal gratings.
II. Experimental investigations. J. Opt. Soc. Am. B 2002, 19, 3004–3012. [CrossRef]
22. Liu, Y.J.; Sun, X.W.; Dai, H.T.; Liu, J.H.; Xu, K.S. Effect of surfactant on the electro-optical properties of
holographic polymer dispersed liquid crystal Bragg gratings. Opt. Mater. 2005, 27, 1451–1455. [CrossRef]
23. Liu, Y.; Zhang, B.; Jia, Y.; Xu, K. Improvement of the diffraction properties in holographic polymer dispersed
liquid crystal bragg gratings. Opt. Commun. 2003, 218, 27–32. [CrossRef]
24. White, T.J.; Liechty, W.B.; Natarajan, L.V.; Tondiglia, V.P.; Bunning, T.J.; Guymon, C.A. The influence of
N-vinyl-2-pyrrolidinone in polymerization of holographic polymer dispersed liquid crystals (HPDLCs).
Polymer 2006, 47, 2289–2298. [CrossRef]
25. Nataj, N.H.; Mohajerani, E.; Jashnsaz, H.; Jannesari, A. Holographic polymer dispersed liquid crystal
enhanced by introducing urethane trimethacrylate. Appl. Opt. 2012, 51, 697–703. [CrossRef]
26. Ortuño, M.; Riquelme, M.; Gallego, S.; Márquez, A.; Pascual, I.; Beléndez, A. Overmodulation Control in the
Optimization of a H-PDLC Device with Ethyl Eosin as dye. Int. J. Polym. Sci. 2013, 2013. [CrossRef]
27. Ortuño, M.; Márquez, A.; Gallego, S.; Pascual, I.; Beléndez, A. Experimental Conditions to Obtain
Photopolymerization Induced Phase Separation process in Liquid Crystal-Photopolymer Composite
Materials under Laser Exposure. Int. J. Polym. Sci. 2014, 2014. [CrossRef]
28. Liquid Crystal Mixtures for Electro-Optic Displays. In Licristal Technical Brochure; Merck KGaA, Liquid
Crystals Division: Darmstadt, Germany, 2002.
29. Available online: http://www.sigmaaldrich.com/catalog/ProductDetail.do?lang=es&N4=328510\T1\
textbar{}ALDRICH&N5=SEARCH_CONCAT_PNO\T1\textbar{}BRAND_KEY&F=SPEC (accessed on
1 February 2019).
30. Available online: http://www.canaanchem.com/html/en/products/liquid_crystal_mixture/ (accessed on
1 February 2019).
31. Schell, K.T.; Porter, R.S. Dielectric Studies of Highly Polar Nematic Liquid Crystals and Their Mixtures.
Mol. Cryst. Liq. Cryst. 1990, 188, 97–103. [CrossRef]
32. Chen, Y.; Luo, Z.; Peng, F.; Wu, S.-T. Fringe-Field Switching with a Negative Dielectric Anisotropy Liquid
Crystal. J. Disp. Technol. 2013, 9, 74–77. [CrossRef]
33. Kogelnik, H. Coupled Wave Theory for Thick Hologram Gratings. Bell Syst. Tech. J. 1969, 48, 2909–2912.
[CrossRef]
34. Jazbinšek, M.; Drevenšek Olenik, I.; Zgonik, M.; Fontecchio, A.K.; Crawford, G.P. Characterization of
holographic polymer dispersed liquid crystal transmission gratings. J. Appl. Phys. 2001, 90, 3831. [CrossRef]
35. De Sio, L.; Lloyd, P.F.; Tabiryan, N.V.; Bunning, T.J. Hidden Gratings in Holographic Liquid Crystal
Polymer-Dispersed Liquid Crystal Films. ACS Appl. Mater. Interfaces 2018, 10, 13107–13112. [CrossRef]
36. Tarek, S. El-Bawab: Optical Swithching; Springer: New York, NY, USA, 2006.
37. Mouquinho, A.I.; Petrova, K.; Barros, M.T.; Sotomayor, J. New polymer networks for PDLC films application.
In New Polymers for Special Applications; de Souza, A., Ed.; IntechOpen: London, UK, 2012; Chapter 5.
38. Tsai, M.S.; Jiang, I.M.; Huang, C.Y.; Shih, C.C. Reorientational optical nonlinearity of nematic liquid-crystal
cells near the nematic–isotropic phase transition temperature. Opt. Lett. 2003, 28, 2357–2359. [CrossRef]
39. Barois, P. Cristaux liquids; Techniques de l’Ingénieur: Saint-Denis, France, 1996.
40. Skarp, K.; Lagerwall, S.T.; Stebler, B. Measurements of Hydrodynamic Parameters for Nematic 5CB.
Mol. Cryst. Liq. Cryst. 1980, 60, 215–236. [CrossRef]
41. Lorenz, A.; Braun, L.; Kolosova, V. Continuous Optical Phase Modulation in a Copolymer Network Nematic
Liquid Crystal. ACS Photonics 2016, 3, 1188. [CrossRef]
42. Lorenz, A.; Braun, L.; Kolosova, V.; Hyman, R.; Wilkinson, T.D. Continuous phase modulation in
polymer-stabilized liquid crystals. In Emerging Liquid Crystal Technologies XI; SPIE: Bellingham, WA, USA,
2016; Volume 9769, p. 976912. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
